In this article, a review of the research endeavors concerning ionic liquids, that have been used as media for dissolution, gelation, functionalization, and material preparation of chitin, is presented. Although chitin has been identified to show difficulty in solubility and processability, leading to mostly an unutilized organic resource, some ionic liquids have been found to dissolve chitin in certain concentrations. For example, the author found that an ionic liquid, 1-allyl-3-methylimidazolium bromide (AMIMBr), dissolved chitin in concentrations up to 4.8 wt% and formed ion gels at higher contents of chitin. Cellulose/chitin binary ion gel and film were also obtained from the individually prepared polysaccharide solutions with ionic liquids. The binary ion gel was applied as a novel electrolyte for an electric double layer capacitor. Acetylation of chitin using acetic anhydride in AMIMBr gave chitin acetates with high degrees of substitution. The modification technique in the AMIMBr solvent was applied to the synthesis of a chitin macroinitiator for atom transfer radical polymerization (ATRP). Grafting of styrene by ATRP from the resulting macroinitiator was conducted to give chitin-graft-polystyrene. Self-assembled chitin nanofibers were fabricated in a methanol dispersion obtained by regeneration from the chitin ion gel with AMIMBr using methanol, which formed a film by subjecting the dispersion to filtration. Co-regeneration from the chitin ion gel coexisting poly(vinyl alcohol) (PVA) gave a self-assembled chitin nanofiber/PVA composite film. The self-assembled chitin nanofibers have also been used as a reinforcing agent for cellulose derivatives to produce composite films.
Introduction
Polysaccharides are widely distributed on the Earth as, for instance, chitin present in crab and shrimp shells, and as such are regraded as important substances as structural materials, as suppliers of energy, and as key materials for specific biological and vital functions [1, 2] . Because structural polysaccharides act as the main framework in plants, insects, and crustaceans, they can be expected to be incorporated as components and play important roles in bio-based functional materials. Cellulose and chitin are the representative structural polysaccharides in nature and are the most abundant in organic substances, which are the main components in the cell walls of plants and in the exoskeletons of crustaceans, shellfish, and insects, respectively [3] [4] [5] [6] . Cellulose has been used in practical applications in manufacture of furniture, clothes, foods, medicines, and so on. Compared with cellulose, chitin is still an unutilized organic substance primarily because of its highly crystalline and bulk structure owing to numerous intra-and intermolecular hydrogen bonds, which cause limit to its solubility with solvents [7] . Chitin is composed of β(1→4)-linked N-acetyl-d-glucosamine repeating units ( Fig. 1) , which has a similar structure to cellulose and shows only the difference in replacement of the hydroxy group in d-glucose repeating units to the acetamide group at the C-2 position. Such a subtle structural difference causes the more serious solubility problem of chitin compared with cellulose, leading to less feasibility and processability.
Although chitin exhibits limited affinity toward common solvents and thus is not dissolved with conventional organic solvents and water, some solvent systems have been found to dissolve chitin. The most widely used solvent systems for chitin are 5-7 % LiCl/N,N-dimethyladcetamide (DMAc) [8] and CaCl 2 ·2H 2 O-saturated methanol [9] [10] [11] [12] . The dissolution of chitin has also been reported using highly polar fluorinated solvents such as hexafluoroisopropyl alcohol (HFIP) and hexafluoroacetone sesquihydrate [6] . Strong protic acids such as trichloroacetic acid and dichloroacetic acid have been found to dissolve chitin [13] . A cold aqueous NaOH [16 % (w/w)] was also found to dissolve chitin [14, 15] .
Over the past decade, ionic liquids, which are low melting point salts that form liquids at ambient temperatures or temperatures below the boiling point of water, have been regarded as good solvents for polysaccharides such as cellulose [16] [17] [18] [19] [20] [21] since Rogers et al. reported that an ionic liquid, 1-butyl-3-methylimidazolium chloride (BMIMCl), dissolved cellulose in relatively high concentrations [22] . The author also reported the formation of ion gels of cellulose with BMIMCl from solutions (6.5-10.7 wt%) [23] . However, only limited investigations have been reported regarding the dissolution of chitin with ionic liquids [24] [25] [26] . Accordingly, research endeavors concerning the dissolution of chitin with proper ionic liquids have been receiving increasing attention for fabricating new chitin-based functional materials. As one of the ionic liquids which is a good solvent for chitin [27, 28] , the author found that an ionic liquid, 1-allyl-3-methylimidazolium bromide (AMIMBr), dissolved and swelled chitin depending on the chitin contents ( Fig. 1) [29] . By means of such dissolution and gelation procedures, modification, functionalization, nanostructuration, and composite productions have also been performed to obtain chitin-based value-added materials [30] [31] [32] . This review article mainly presents the efficient functionalization and material preparation approaches of chitin using an ionic liquid. 
Dissolution and gelation of chitin using ionic liquids
Ionic liquids have increasingly attracted much attention owing to their specific characteristics such as an excellent thermal stability, a negligible vapor pressure, and controllable physical and chemical properties [33, 34] . The interest in and application of ionic liquids have also been extended to the research related to polysaccharides, because of the specific good affinities of ionic liquids for them. As consequence by the research on the dissolution behavior of chitin with a variety of ionic liquids, 1-allyl, 1-butyl, and 1-ethyl-3-methylimidazolium acetates showed an ability for dissolution of chitin in certain concentrations (Fig. 1 ) [25, 27, 28] . 1-Butyl-3-methylimidazolium acetate (BMIMOAc) dissolved both α-and β-chitins, which are composed of the antiparallel and parallel aligned crystalline structures, respectively, with different molecular weights at relatively lower temperatures [27] . Cooling the chitin solutions with the ionic liquid to ambient temperature resulted in gelation, which further converted into sponge and film materials by regeneration with water or methanol coagulant. The extraction of chitin from raw shrimp shells, was demonstrated using 1-ethyl-3-methylimidazolium acetate [28] .
The dissolution of α-chitin with deep eutectic solvents (DESs), ionic liquid analogs, consisting of mixtures of choline halide-urea, chlorocholine chloride-urea, choline chloride-thiourea, and betaine hydrochloride-urea were also investigated [35] . Ultrasonication and microwave treatments helped to reduce the time and temperature required for dissolution. Maximum dissolution of chitin (9 % w/w) was obtained in the choline chloride-thiourea system.
As already mentioned, the ionic liquid, AMIMBr, was also found by the author to dissolve chitin and the maximum concentration for the dissolution was 4.8 wt% by heating at 100 °C for 48 h (Fig. 2) [29] . As shown in Fig. 2 , the 4.8 wt% chitin with AMIMBr started to flow upon leaning a test tube. The dissolution ability of AMIMBr has been considered to be implied by the combined structure between imidazolium and bromide. This type of the ionic liquid was reported to be used for the synthesis of polyamide and polyimide [36] , that are well-known poorly soluble polymers owing to the formation of strong hydrogen bonds by the -N-C = O groups in the main chains, similar to the acetamido group in chitin. However, other imidazolium bromides, such as 1-methyl-3-propylimidazolium and 1-butyl-3-methylimidazolium bromides did not dissolve chitin at all, suggesting the allyl substituent in AMIMBr also affect the dissolution ability, although the reason why AMIMBr specifically dissolved chitin, has yet been made clear. The scanning electron microscopic (SEM) observation of the resulting liquid clearly indicated the complete dissolution of chitin with AMIMBr. The infrared (IR), thermal gravimetrical analysis (TGA), and powder X-ray diffraction (XRD) results of the regenerated chitin from the solution, as well as the 1 H NMR and gel permeation chromatographic (GPC) data of its hexanoyl derivative, suggested that the degradation and depolymerization of chitin did not frequently occur during the dissolution process. Gel-like materials (ion gels) with higher viscosity were totally formed when 6.5-10.7 wt% amounts of chitin were successively immersed in AMIMBr, heated at 100 °C for 24-48 h, and cooled to room temperature (Fig. 2) . The 6.5 wt% chitin with AMIMBr observed the viscous and manipulatable natures. The dynamic rheological measurement showed that both the 4.8 wt% and 6.5 wt% liquids of chitin with AMIMBr behaved as the weak gels.
On the basis of the ion gel formation from cellulose and chitin with the ionic liquids, a cellulose/chitin binary ion gel was prepared (Fig. 3) [37] . When a 9.1 wt% cellulose solution with BMIMCl and a 4.8 wt% chitin solution with AMIMBr, which were individually prepared, were mixed in the desired ratios at 100 °C, the homogeneous solutions were obtained, which could be converted into the binary ion gels by standing at room temperature for 4 days, followed by washing with ethanol. The relative good compatibility among cellulose, chitin, and the ionic liquids was suggested by the XRD and TGA results. The mechanical properties of the gels under compressive mode were changed depending on the cellulose/chitin ratios. A cellulose/chitin binary film was fabricated by successive Soxhlet extractions with ethanol for 12 h and with water for 12 h, and subsequent drying of the binary ion gel, which was thinly prepared on a glass plate (Fig. 3) [37, 38] .
The binary ion gels were compatibilized with polymeric ionic liquids by an in-situ polymerization approach [39] . The polymeric ionic liquids are defined as the polymer forms of ionic liquids and can be prepared by polymerization of ionic liquid monomers having polymerizable groups (polymerizable ionic liquids) [40, 41] . In-situ (co)polymerization of the polymerizable ionic liquids, 1-(3-methacryloyloxypropyl)-3-vinylimidazolium bromide and 1-methyl-3-vinylbenzylimidazolium chloride was first carried out in the presence of a radical initiator, AIBN, in homogeneous cellulose/chitin solution with the mixed solvent of BMIMCl and BMIMOAc on a Petri dish. After the resulting material was subjected to Soxhlet extraction with ethanol for 12 h, it was left standing for 12 h, followed by drying under reduced pressure to give the cellulose/chitin film compatibilized with the polymeric ionic liquids.
The cellulose/chitin binary ion gel was used as a novel electrolyte for an electric double layer capacitor [42] [43] [44] . The ion gel was first treated with an aqueous 2.0 mol/L H 2 SO 4 solution for 3 h to convert into an acidic gel. Electrochemical characteristics of the resulting acidic gel electrolyte were investigated by galvanostatic charge-discharge measurements. The test cell with the acidic gel electrolyte exhibited a specific capacitance of 162 F/g at room temperature, which was higher than that for a cell with an H 2 SO 4 electrolyte (155 F/g). In addition, the discharge capacitance of the test cell retained over 80 % of its initial value in 10 5 cycles even at a high current density of 5000 mA/g.
Modification and functionalization of chitin uisng ionic liquid
Modification of chitin at hydroxy groups is generally difficult owing to a lack of solubility, and thus the reactions often take place under heterogeneous conditions, leading to a low degree of substitution [45] [46] [47] . Even acetylation of chitin, a simple modification, has been performed only under special conditions, e.g. in strong acid solvents. Acetylation of chitin from crab shell using acetic anhydride in AMIMBr has been achieved to obtain chitin acetates with high degrees of substitution (DSs) (Fig. 4) [48] . The reaction was carried out in the presence of acetic anhydride (5-20 equiv. with a repeating unit) in 2 wt% solutions at 60-100 °C for 24 h. The products were isolated as fractions insoluble in methanol. The IR spectra of the isolated products observed the carbonyl absorptions due to ester linkage at around 1745 cm -1 , besides that of the product obtained using 5 equiv. of acetic anhydride at 60 °C. These results indicated the progress of acetylation except the reaction under such conditions of the smaller amount of acetic anhydride at the lower temperature. The DS values, which were determined from the IR spectra, increased with increasing the amounts of acetic anhydride used for the reaction. The highest DS was 1.86, which was obtained by the reaction using 20 equiv. of acetic anhydride at 100 °C. The product with this DS value was soluble in DMSO, and accordingly the structure of the product was further confirmed by 1 H NMR analysis in DMSO-d 6 . The DS value estimated by the integrated ratio of signals due to acetyl protons to a signal due to anomeric protons was in good agreement with that determined from the IR spectrum.
The efficient modification approach of chitin in the AMIMBr solvent was employed to synthesize a chitin macroinitiator for subsequent graft atom transfer radical polymerization (ATRP) for functionalization of chitin by synthetic polymers [49] . ATRP is a versatile and practical living polymerization technique to control the chain length and polydispersity of the resulting polymers. Accordingly, it has been used to synthesize a wide range of polymeric materials with desired structures [50, 51] . Because ATRP is initiated from α-haloalkylacyl groups, the chitin macroinitiator containing the initiating groups was synthesized by the reaction of the hydroxy groups in chitin with 2-bromopropyl bromide in AMIMBr according to the manner of the above acetylation (Fig. 5) . The DS values of the products, which were obtained by the reaction using 20 and 30 equiv. with a repeating unit at 100 °C for 24 h, were determined by 1 H NMR analysis in DMSO-d 6 to be 1.66 and 1.86, respectively. Then, graft polymerization of styrene monomer from the resulting chitin macroinitiator with DS = 1.86 was conducted by ATRP using N,N,N′,N″,N″-pentamethyldiethylene triamine (PMDETA) and CuBr as the catalytic system (Fig. 5) . The yields of the products, isolated as fractions insoluble in water, increased with increasing the feed ratios of styrene to the initiating sites. The polystyrene graft chains were separated from chitin by alkaline hydrolysis of the products, and their M n values were estimated by GPC measurements. Their GPC traces were monomodal and the M n values increased with increasing the feed ratios of styrene to the initiating sites. 
Fabrication of self-assembled chitin nanofibers from ion gel and their composite preparation
Self-assembled chitin nanofibers have been fabricated by regeneration through the appropriate procedures from solutions or gels. For example, an electrospinning of solutions of depolymerized chitin in HFIP, which was prepared by γ-irradiation, gave self-assembled nanofibers [52, 53] . The fiber morphologies and sizes were strongly affected by concentrations of the HFIP solutions. On the other hand, self-assembling of chitin was simply conducted by slowly drying of HFIP solutions in appropriate concentrations, leading to long (10-100 μm) nanofibers with a small diameter (ca. 2.8 nm) [54] [55] [56] [57] . Nanofibers in the fashion of a larger diameter (ca. 10 nm) than those obtained from the HFIP system were easily precipitated out upon addition of water into LiCl/DMAc solutions.
When the 9.1-10.7 wt% chitin ion gels with AMIMBr were soaked in methanol at room temperature for 24 h to slowly regenerate chitin, followed by sonication, dispersions were obtained (Fig. 6) [58] . The resulting dispersions were further diluted with methanol to subject the SEM measurement for evaluation of the morphology of the regenerated chitin. The SEM image of the diluted sample showed the nanofiber morphology with ca. 20-60 nm in width and several 100 nm in length, indicating the self-assembling formation of the chitin nanofibers by the regeneration approach from the ion gel. The resulting nanofibers were isolated by filtration of the dispersion, which formed a film (Fig. 6) . The SEM image of the resulting film exhibited the pattern of highly entangled nanofibers. Such entangled structures from the nanofibers probably contributed to formability of the film. The XRD result of the film indicated that the α-chitin crystalline structure was reconstructed during the formation of the nanofibers by the regeneration procedure.
In the following study, the author found that the morphologies of self-assembled chitin nanofibers were affected when the regeneration from the chitin ion gels were conducted using calcium halide ·2H 2 O/methanol solutions instead of a sole methanol [59] . The regeneration from the ion gel using CaCl 2 ·2H 2 O or CaBr 2 ·2H 2 O/ methanol solution in high concentration did not induce the nanofiber assembly, whereas the self-assembled nanofibers with higher aspect ratio were fabricated by the regeneration using CaBr 2 ·2H 2 O/methanol solution in lower concentration.
The self-assembled chitin nanofibers were also formed by gelation of chitin with the choline chloridethiourea DES system (10 % w/w), followed by dilution with water [60] .
As one of the possible applications of the self-assembled chitin nanofibers, attempts have been made to fabricate composite materials with other polymers. For example, the self-assembled chitin nanofiber/poly(vinyl alcohol) (PVA) composite films were fabricated by the following co-regeneration technique (Fig. 6) [58] . After a solution of PVA [degree of polymerization (DP) = ca. 4300] with a small amount of hot water was added to the 9.1 wt% chitin ion gel with AMIMBr (feed weight ratio of chitin to PVA = 1:0.3), the co-regeneration of the two polymers was conducted by soaking the mixture in methanol, because methanol is a poor solvent for PVA. The subsequent filtration and Soxhlet extraction with methanol gave the self-assembled chitin nanofiber/PVA composite film. The SEM image of the composite film showed the remaining of the nanofiber morphology, suggesting that the two polymers were relatively immiscible in the composite and the PVA components probably filled in spaces among the fibers. However, the differential scanning calorimetric result of the composite film indicated that chitin and PVA might partially be miscible at the interfacial area on the fibers by hydrogen bonding between the two polymers. Both the values of tensile strength and elongation at break of the composite film under tensile mode were larger than those of the self-assembled chitin nanofiber film.
As chitin has been regarded as a basic polysaccharide because of the presence of several percentage of free amino groups in total repeating units by deacetylation of acetamido groups, the self-assembled chitin nanofibers were employed as a reinforcing agent for an acidic polysaccharide, that is, carboxymethyl cellulose (CMC), by electrostatic interaction [61] . CMC films, which were prepared by the casting technique, were soaked in the self-assembled chitin nanofiber methanol dispersions with the different contents, obtained by the regeneration from the ion gels, followed by centrifugation and drying, gave the composite films (Fig. 7) . The amounts of the chitin nanofibers on the films increased with increasing the nanofiber content in the dispersions. The nanofiber morphology on the films was seen in the SEM images. The amounts of the nanofibers strongly affected enhancement of the mechanical property under tensile mode, supporting their reinforcing effect present on the CMC films.
The self-assembled chitin nanofibers were also employed as a reinforcing agent for cellulose films obtained from the cellulose ion gel with BMIMCl [62] . When the cellulose ion gels with BMIMCl were soaked in the chitin nanofiber methanol dispersions with the different contents, two polymeric materials were made compatible through regeneration of cellulose. The mixtures were then subjected to centrifugation and the materials were further subjected to Soxhlet extraction with methanol for the complete removal of BMIMCl and drying to fabricate the chitin nanofiber-reinforced cellulose films. The unit ratios of chitin nanofiber to cellulose in the resulting films increased with increasing chitin nanofiber content in the dispersions. The SEM images of the surfaces of all the films showed the nanofiber morphologies. The tips of the nanofibers extending from the solid were also seen in the SEM images in cross-section. These results suggested that the chitin nanofibers were present not only on the surfaces but also inside the film. The amounts of chitin nanofibers strongly affected enhancement of the mechanical property under tensile mode.
The self-assembled chitin nanofibers obtained using the DES were used to prepare calcium alginate bionanocomposite gel beads having enhanced elasticity [60] .
Conclusion and future outlook
In this review article, an overview of the research endeavors on the dissolution, gelation, functionalization, and material preparation of chitin using ionic liquids is presented. Especially, most of the present review has been concerned with the author's studies on this research topic using AMIMBr. Through the dissolution and gelation with AMIMBr, chitin-based materials, e.g. derivatives, films, self-assembled nanofibers, and composites have been efficiently fabricated mainly by regeneration approaches.
Chitin is one of the most abundant organic substances comparable to cellulose, and accordingly is expected to be incorporated in functional bioactive and tissue materials because of its biocompatibility. Because the studies on the fabrication of chitin-based materials using ionic liquids have been significantly developed as representatively disclosed in this review and will be developed further in the application fields related to medicinal, pharmaceutical, and environmental industries in the future.
